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Summary
Objective: The purpose of this study was to determine if the opposing cartilages of the feline patellofemoral joint adapted differently to short-
term anterior cruciate ligament transection (ACL-T) and if the magnitude of chondrocyte deformation upon tissue loading was altered under
ACL-T conditions compared to contralateral controls. In situ static compression of physiological magnitude was applied to the feline patello-
femoral cartilage 16 weeks post-ACL-T and cartilage and chondrocyte deformation were evaluated by histomorphometry.
Design: Six adult cats were euthanized 16 weeks after unilateral ACL-T. A peak surface pressure of 9 MPa was applied to the fully intact pa-
tella and femoral groove cartilages. After in situ ﬁxation under compression, sections from the centre of the indent and from an adjacent un-
loaded area of the cartilages were analysed. Chondrocyte shape, size, clustering and volumetric fraction were quantiﬁed.
Results: Experimental patellar articular cartilage was thicker, contained larger chondrocytes that were more frequently arranged in clusters
and had, on average, a larger chondrocyte volumetric fraction compared to contralateral controls. In contrast, the experimental femoral groove
cartilage demonstrated little adaptation to ACL-T.
Conclusions: The patellar articular cartilage adapts to short-term ACL-T to a greater extent than femoral groove cartilage. We speculate that
differences in the histological parameters of control tissues, such as cartilage thickness and the magnitude and depth distribution of chondro-
cyte shape, size and volumetric fraction may contribute to predisposing patellar cartilage, and not femoral groove cartilage, to adaptation after
ACL-T.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Articular cartilage is a thin layer of smooth, deformable, load
bearing tissue lining the contact surfaces of the articulating
bones of all diarthrodial joints. Damage to this soft tissue on
one surface can result in pain, compromised joint motion
and/or secondary damage to other joint structures/surfaces
and other joints. Softening, swelling, ﬁbrillation or ﬁssuring
of cartilage is often observed in the human patellofemoral
joint1e4 and is more severe, more extensive and occurs at
an earlier age on the patella compared to the femoral
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Received 20 November 2004; revision accepted 23 August 2005.120groove1,3. Furthermore, patients with lesions frequently
have associated meniscal and/or ligamentous injuries2.
Although the prevalence and characteristics of articular
cartilage damage in humans are well documented, little is
known about the initiation and progression of cartilage de-
generation. Patients seek treatment when their joint func-
tion is compromised or when they experience pain, which
can be months or years after an initial insult has occurred.
Furthermore, human tissue is only rarely available for study
in the early stages of disease since treatment often involves
minimal invasion of the joint with little or no removal of car-
tilage. Consequently, experimental studies of cartilage de-
generation in animal models have been developed to
study the early events after cartilage injury.
Perhaps the most thoroughly characterized animal model
involving cartilage degeneration is the anterior cruciate liga-
ment transection (ACL-T) model of experimental osteoar-
thritis (OA)5. ACL-T studies involving the dog and cat
have enabled some of the more clinical manifestations of
degeneration, such as changes to gait patterns6,7, joint in-
stability8 and load redistribution within and between join-
ts9e11, to be evaluated in parallel to the histological,
biochemical and metabolic pathologies12e16. In particular,
the magnitude and distribution of forces and surface
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tellofemoral joint in vivo and in situ have been well charac-
terised11,16,17. Speciﬁcally, the decrease in magnitude and
redistribution of pressure within the feline patellofemoral
joint at 16 weeks post-ACL-T has been proposed as a pos-
sible factor inﬂuencing the pathology of the cartilages after
ligament transection16.
In addition to measurements of patellofemoral function,
patellofemoral histomorphology has also been systematically
quantiﬁed throughout the depth of feline articular cartilage in
normal and 67 months post-ACL-T tissue under control and
loaded conditions18,19. Normal patellar cartilage is thicker,
has a larger chondrocyte volumetric fraction and contains
cells that are more prolate in shape than those of the femoral
groove18. These differential morphological characteristics
have been proposed as one factor inﬂuencing the differen-
tial adaptation of the patellar compared to the femoral
groove cartilage at 67 months post-ACL-T19. Speciﬁcally,
in the central load bearing region of these long term animals,
the femoral groove cartilage remains essentially unchanged
while the experimental patellar cartilages are thicker, con-
tain rounded and clustered superﬁcial layer chondrocytes
and have an uneven proteoglycan staining throughout carti-
lage depth compared to contralateral controls19. It is currently
unknown when after surgery and where throughout cartilage
depth these histological changes ﬁrst appear.
It is known that chondrocytes and their nuclei deform
when articular cartilage samples are loaded18,20,21. Further-
more, chondrocyte deformation inﬂuences, either directly or
indirectly, the metabolic activity of the cells and thus the
health of articular cartilage22e24. These data, however, are
virtually all derived from experiments using healthy articular
cartilage. It is currently unknown if the magnitude of chon-
drocyte deformation is altered 16 weeks post-ACL-T, and
if a change in chondrocyte deformation correlates in any
way to the extent and location of cartilage degeneration.
The purpose of this study was to quantify feline patellofe-
moral cartilage histomorphology at 16 weeks post-ACL-T.
Furthermore, cartilage and chondrocyte deformation result-
ing from in situ static compression of physiological magni-
tude was evaluated.
Methods
SPECIMENS AND PREPARATION
This study was carried out under veterinary supervision
according to Canadian Council on Animal Care guidelines
and was approved by the committee on Animal Ethics at
the University of Calgary. Unilateral ACL-T was carried
out as before7,12 on six skeletally mature male cats (mean
massZ 5.0G 1.4 kg). The contralateral hindlimbs served
as unoperated controls. After euthanasia at 16 weeks
post-surgery, the hindlimbs were disarticulated and the
gross morphology of the knees was recorded on a two-di-
mensional drawing. The second knee capsule was not
opened until experiments were completed on the ﬁrst
knee. The fully intact patella and femoral groove were ex-
cised from each knee, and prepared for the loading experi-
ments as reported previously18. Brieﬂy, the femoral groove
or patella was secured with methacrylate cement in the bot-
tom of a glass funnel (to hold ﬂuids) inside a stainless steel
bone holder. The bone holder was placed into a six-degree-
of-freedom loading jig which was used to align an indentor
in the middle of the femoral groove or patella cartilage sur-
face and perpendicular to it. The cartilage surface and the
indentor could be viewed and were magniﬁed through theglass funnel which aided us with alignment. The mean
G standard deviation of the angle of the indentor from per-
pendicular was 1.5G 1.6( (measured from the deformation
proﬁle on sections after ﬁxation). Loading experiments were
completed within 14 h of euthanasia with cartilage surfaces
being hydrated throughout by frequent spraying with physi-
ological saline solution (0.15 M NaCl).
CARTILAGE LOADING AND FIXATION
A stress-relaxation test was performed (Fig. 1) using a 1-
mm-diameter ﬂat-ended stainless steel indentor18. An Ins-
tron materials testing machine was used to lower the inden-
tor onto the cartilage surface at a vertical velocity of
4 mms1 until a maximum force of 7.1 N was reached.
This force generates an average pressure of 9 MPa across
the indentor surface, which corresponds to the average pa-
tellofemoral contact pressure17 for a peak patellofemoral
contact force of 170 N which is known to occur during nor-
mal cat gait11. With the indentor stationary, the cartilage
stress relaxed for 20 min (Fig. 1). Ruthenium hexammine
trichloride (RHT) ﬁxative solution (0.7% RHT and 2% glutar-
aldehyde (v/v) in 0.05 M cacodylate buffer, pH 7.4)18,25 was
used to ﬁx the femoral groove and patellar cartilages in their
loaded states for 2 or 3 h, respectively, based on predicted
cartilage thickness and penetration characteristics estab-
lished during pilot testing. Cartilage ﬁxation using cationic
dyes such as RHT has been reported to give the most ac-
curate and reliable cellular and subcellular preservation
for use in quantitative and comparative studies on cell
shape and size25.
CARTILAGE PROCESSING
Cartilage was processed as previously described18. Brieﬂy,
osteochondral blocks (3 mm! 1 mm2) were harvested from
the loading site and embedded in Spurr’s resin (EMS Cedar-
lane Laboratories Ltd, Ontario) (Fig. 2). Sections (0.5 mm)
were cut from the centre of each indent (indent) and from
1 mm away in the proximaledistal direction (not-indented).
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Fig. 1. A typical forceetime trace throughout the stress-relaxation
test of an experimental patellar specimen. The maximum force of
7.1 N corresponds to an average pressure of 9 MPa across the in-
dentor surface. The value of 9 MPa is the average patellofemoral
contact pressure17 for a peak patellofemoral contact force of
170 N occurring during normal cat gait11. When the ﬁxative solution
was applied 20 min after peak force, the cartilage had already
reachedO80% of its ﬁnal relaxation at the end of the 200 min load-
ing period.
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rection of the cartilage (Fig. 2) and stainedwith toluidine blue.
DATA ANALYSIS
One indent and one control section from each patella and
femoral groove were photographed and analysed using
Adobe Photoshop (v5.0.2. Adobe Systems Inc.) and Scion
Image (vbeta4.0.2. Scion Corporation) software as before18.
All measurements were made across the entire width of the
deformation proﬁle of each indented section thus incorporat-
ing any variation that may have occurred due to misalign-
ment of the indenter relative to the articulating surface.
Cartilage compressive strain (e) was deﬁned as follows;
eZðtn  tiÞ=tn
where tn is the thickness of not-indented cartilage and ti the
thickness of indented cartilage18.
Chondrocyte aspect ratio (height/width of a cell) was cho-
sen as a two-dimensional measure of cell shape18. Multiple
(O100) serial sections were cut in the direction perpendicular
to the cutting plane and visually inspected. These sections
conﬁrmed that these cells were convex and nearly axi-sym-
metric in their third dimension. This was true for both patella
and femoral groove tissues throughout the depth of the car-
tilage. As in previous work, a logarithmic transformation was
applied to the chondrocyte aspect ratio data to make the var-
iance monotonic with cartilage depth and to make equivalent
changes in shape in the horizontal and vertical directions
equally spaced from the neutral (circleZ 10) geometry18.
Transformed chondrocyte aspect ratio is referred to as chon-
drocyte shape throughout this paper. The cross-sectional
area of the chondrocyte proﬁles on each section was also
measured as an indicator of cell size.
To compare cartilages of different thicknesses, depth was
normalised so that the surface was assigned a value of zero
Patella Femoral Groove
1mm
approximate scale
Fig. 2. A diagram showing the position of the 1-mm-diameter inden-
tation (black circle), the 3 mm! 1 mm2 osteochondral block (grey
rectangle) incorporating the indent, and the split-line pattern of
the feline patella and femoral groove. The indent and blocks are
drawn approximately to scale relative to the size of the patella
and femoral grove. The split-line pattern was determined using
the established India Ink needle technique26.and the cartilageebone interface a value of one (Fig. 3). Av-
erage values of chondrocyte shape and cross-sectional
area were calculated for 5% or 10% bins of cartilage depth
(Fig. 3) such that nO 10 cells per bin.
Traditionally, articular cartilage is divided into three
layers; the superﬁcial layer including oblate chondrocytes,
the middle layer containing more rounded single cells,
and the deep layer consisting of vertical columns of prolate
chondrocytes27. This histological deﬁnition could not be
easily applied to indented sections from this study where
cells throughout cartilage depth were ﬂattened. Therefore,
the cartilage layers were deﬁned using values of the per-
centage of chondrocytes found within each morphologically
deﬁned layer calculated in normal feline tissue18,23. Further-
more, this deﬁnition was consistent with that used to report
on endstage diseased patellofemoral feline cartilages19
where many experimental and contralateral cartilages con-
tained rounded chondrocytes and multiple clusters of cells
throughout the depth of the cartilage. The layer boundaries
were marked on each section (Fig. 3) and the number of
two, three or four cell clusters (deﬁned as touching cells)
in each layer was counted. This number was then normal-
ised to the cross-sectional area of each layer to enable
comparison between specimens. Further, the stereological
method of point counting was applied to these sections to
estimate chondrocyte volumetric fraction in each layer28.
To this end a grid was randomly rotated and overlaid onto
each cartilage picture and the intersections of the grid
with the matrix and cells were counted.
STATISTICAL ANALYSIS
A similar indentation experiment using articular cartilage
from healthy feline patellofemoral joints was previously un-
dertaken18. Although the healthy animals were not age
matched to those in the present study, they provide helpful
reference data. Contralateral limbs from ACL-T cats can be
indirectly affected by the surgery on the experimental limb
possibly due to overloading of the contralateral limb during
the ﬁrst 17 weeks after surgery10,12. Consequently, toluidine
blue sections, cartilage thickness data, and chondrocyte
shape and volumetric fraction data of normal control ani-
mals were incorporated into the ﬁgures in this paper. These
data were not, however, included in the statistical analyses
outlined below.
Statistical signiﬁcance was deﬁned as P! 0.05 for all
analyses.
For statistical purposes the chondrocyte cluster data
were analysed using non-parametric tests and the two,
three and four cell cluster data were treated separately.
The Friedman test was used to investigate the effect of car-
tilage layer (superﬁcial, middle, deep) on the frequency of
clusters. The ManneWhitney test was used to investigate
the effect of site (femur, patella) and surgery (contralateral,
experimental) on the frequency of clusters.
A three-factor simultaneous analysis of variance
(ANOVA) was conducted on the cartilage depth data with
site (femur, patella), surgery (contralateral, experimental)
and load (not-indented, indent) as main effects. A two-factor
repeated measures ANOVA was conducted on the chon-
drocyte cross-sectional area data with site (femur, patella)
and surgery (contralateral, experimental) as main effects
and normalised cartilage depth divided into bins of 5% or
10% (0e0.05, O0.05e0.10, O0.10e0.15, O0.15e0.20,
O0.2e0.3, O0.3e0.4, O0.4e0.5, O0.5e0.6, O0.6e0.7,
O0.7e0.8, O0.8e0.9, O0.9e1.0) as the repeated factor
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Fig. 3. Typical sections of not-indented patellar and femoral groove articular cartilage taken from the contralateral and experimental hindlimbs
of one animal. Previously published sections from a normal adult cat have been added for comparison18. The superﬁcial (S), middle (M) and
deep (D) layers are marked to the left of each section. Normalised cartilage depth values and 5% or 10% bins of cartilage depth are indicated
on the right of the contralateral patella section. All sections are 0.5 mm thick, stained with toluidine blue and photographed at 50! magniﬁ-
cation. Note the increased tissue thickness and the larger and more frequently clustered chondrocytes in the middle layer of experimental
compared to contralateral patellar cartilage.(Fig. 3). Two way interactions between the main effects
were included in these ANOVA analyses.
For the chondrocyte shape and volumetric fraction data
three-factor repeated measures ANOVAs were conducted
with site (femur, patella), surgery (contralateral, experimen-
tal) and load (not-indented, indent) as main effects. Cartilage
depth (0e0.05, O0.05e0.10, O0.10e0.15, O0.15e0.20,
O0.2e0.3, O0.3e0.4, O0.4e0.5, O0.5e0.6, O0.6e0.7,
O0.7e0.8, O0.8e0.9, O0.9e1.0) was the repeated factor
for the chondrocyte shape data and cartilage layer (superﬁ-
cial, middle, deep) the repeated factor for the chondrocyte
volumetric fraction data (Fig. 3). Two way interactions be-
tween the main effects were included in these ANOVA
analyses.
Results
Macroscopically, all of the contralateral patellae and fem-
oral grooves appeared normal upon dissection. In contrast,
two experimental patellae and all experimental femoralgrooves had small osteophyte formations. These were lo-
cated at both poles of the patellae and around the ridges
of the femoral grooves. The cartilage of three experimental
patellae contained small erosions. The most severe of
these was a full thickness defect on a patella which had
subluxed medially from the femoral groove.
CARTILAGE THICKNESS AND CHONDROCYTE CLUSTERING
Patellar cartilage was thicker than femoral groove carti-
lage (P! 0.001, ANOVA site main effect, Fig. 3, Table I).
Cartilage from experimental joints was thicker than that of
contralateral joints (P! 0.05, ANOVA surgery main effect)
with this effect being signiﬁcantly more pronounced in patel-
lar compared to femoral groove tissue (P! 0.05, ANOVA
surgery/site interaction effect, Fig. 3, Table I).
There were more two- and three-cell clusters in patellar
compared to femoral groove cartilage (P! 0.01, Manne
Whitney site main effect, Fig. 3, Table II), with most of the
three-cell clusters located in the middle layer (P! 0.05,Table I
Comparison of cartilage thickness for patellar and femoral groove cartilages from contralateral and experimental hindlimbs. Previously pub-
lished cartilage thickness data from a similar experiment using normal adult cats have been added to the table for reference18. Thickness
values are meanG standard deviation of nZ 6 samples. Overall cartilage strain values are calculated using the mean thickness values
Normal Contralateral Experimental
Patella Thickness (mm) Not-indented 432G 87 385G 43 481G 78
Indented 242G 73 292G 39 310G 35
Compressive strain (%) 44 24 36
Femoral groove Thickness (mm) Not-indented 217G 31 188G 24 194G 29
Indented 140G 27 134G 14 135G 16
Compressive strain (%) 36 29 30
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Frequency of cell clusters in 100,000 mm2 of superficial, middle and deep layers of not-indented femoral groove and patella articular cartilage
from contralateral and experimental hindlimbs. Values are meanG standard deviation of nZ 6 samples
Site Leg Layer Frequency of clusters containing
Two cells Three cells Four cells
Patella Contralateral Superﬁcial 3.4G 2.0 0.0G 0.0 0.0G 0.0
Middle 9.5G 8.3 0.2G 0.4 0.0G 0.0
Deep 1.0G 0.9 0.0G 0.0 0.0G 0.0
Experimental Superﬁcial 7.0G 6.8 0.9G 1.3 0.1G 0.3
Middle 20.1G 9.0 1.7G 0.6 0.4G 0.7
Deep 2.2G 1.4 0.2G 0.3 0.0G 0.0
Femoral groove Contralateral Superﬁcial 2.0G 1.8 0.0G 0.0 0.0G 0.0
Middle 1.7G 2.1 0.0G 0.0 0.0G 0.0
Deep 1.7G 1.7 0.0G 0.0 0.0G 0.0
Experimental Superﬁcial 3.7G 3.1 0.0G 0.0 0.0G 0.0
Middle 0.3G 0.8 0.0G 0.0 0.0G 0.0
Deep 1.2G 0.9 0.1G 0.3 0.0G 0.0Friedman layer main effect, Fig. 3, Table II). There were
more of the three-cell cluster groupings in experimental
compared to contralateral patellar cartilage (P! 0.001,
ManneWhitney surgery main effect, Fig. 3, Table II); femo-
ral groove experimental and contralateral cartilages showed
no signiﬁcant differences.
CARTILAGE COMPRESSION AND CHONDROCYTE
REORIENTATION
Applying a 9 MPa load signiﬁcantly deformed the carti-
lages of both the patella and femoral groove (P! 0.001,
ANOVA load main effect, Fig. 4, Table I) with this effect be-
ing larger in the patellar compared to the femoral groove tis-
sue (P! 0.01, ANOVA load/site interaction effect, Table I).
Compression of patellar cartilage caused a reorientation of
the deep zone chondrocytes in contralateral and experi-
mental cartilages (Fig. 4) as previously reported in normal
tissue18. This reorientation is a shift from the typical vertical
arrangement (in not-indented cartilage) to approximately
a 45( orientation relative to the cartilage/bone interface in
indented cartilage, particularly towards the outside edges
of the indentation18 (Fig. 4).
CHONDROCYTE SHAPE
On average, chondrocytes were more prolate deeper in
the cartilage (P! 0.001, ANOVA depth main effect, Figs.
3 and 5) and in the patellar compared to the femoral groove
cartilage (P! 0.001, ANOVA site main effect, Figs. 3 and
5). This contrast between patellar and femoral groove chon-
drocytes was accentuated in the superﬁcial and middle
layers of the tissues (P! 0.001, ANOVA site/depth interac-
tion effect, Figs. 3 and 5). When compressed, femoral
groove and patellar chondrocytes were more oblate
(P! 0.001, ANOVA load main effect, Figs. 4 and 5)
throughout cartilage depth, and especially in the middle layer
and upper portion of the deep layer (P! 0.001, ANOVA
load/depth interaction effect, Fig. 5). Chondrocyte shape
was not signiﬁcantly different between contralateral and ex-
perimental samples (Figs. 3 and 5).
CHONDROCYTE VOLUMETRIC FRACTION
Chondrocyte volumetric fraction varied with cartilage
depth (P! 0.001, ANOVA layer main effect, Fig. 6) being
largest in the superﬁcial layer and smallest in the deeplayer. Chondrocyte volumetric fraction was inﬂuenced differ-
ently by anterior cruciate ligament deﬁciency in patellar and
femoral groove tissues (P! 0.01, ANOVA surgery/layer in-
teraction effect). In the femoral cartilage, volumetric fraction
was larger in the experimental compared to the contra-
lateral limb in the superﬁcial and middle layers, but was sim-
ilar in the deep layer [Fig. 6(b)]. In contrast, patellar
cartilage demonstrated larger volumetric fraction in experi-
mental compared to contralateral limbs in the middle and
deep layers and vice versa in the superﬁcial layer
[Fig. 6(a)].
Static compression signiﬁcantly reduced chondrocyte vol-
umetric fraction in femoral groove and patellar cartilages rel-
ative to not-indented controls (P! 0.01, ANOVA load main
effect, Fig. 6); the chondrocytes lost volume relative to the
surrounding matrix. This inﬂuence of load was signiﬁcantly
greater in the superﬁcial and middle layers of the tissue
compared to the deep layer (P! 0.01, ANOVA load/layer
interaction effect).
CHONDROCYTE CROSS-SECTIONAL AREA
The cross-sectional area of chondrocytes varied signiﬁ-
cantly with cartilage depth (P! 0.001, ANOVA depth
main effect, Fig. 7). Patellar chondrocytes had a larger
cross-sectional area than femoral groove chondrocytes par-
ticularly at a normalised cartilage depth of 0.15e0.5
(P! 0.01, ANOVA depth/bone interaction effect, Fig. 7).
Chondrocytes from experimental cartilage were consistently
larger in cross-section than those from contralateral tissues
of both patellae and femoral grooves, though this difference
was not statistically signiﬁcant.
Discussion
In this study, we quantiﬁed systematically the histomor-
phology of feline patellofemoral joint cartilage 16 weeks
post-ACL-T. Speciﬁcally, we found that experimental patel-
lar articular cartilage is thicker, contains larger chondro-
cytes more frequently arranged in clusters and has
a larger chondrocyte volumetric fraction in the middle and
deep layers and a smaller volumetric fraction in the superﬁ-
cial layer compared to contralateral controls. In complete
contrast however, the experimental femoral groove carti-
lage only demonstrated increased chondrocyte size and in-
creased volumetric fraction in the superﬁcial and middle
layers compared to contralateral controls, with these
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Fig. 4. Typical sections of not-indented and indented patellar articular cartilage taken from the contralateral and experimental hindlimbs of one
animal. Previously published sections from a similar indentation experiment using normal adult cats have been added for comparison18. All
sections are 0.5 mm thick, stained with toluidine blue and photographed at 25!magniﬁcation. Note the black lines highlighting the tendency of
deep layer chondrocytes to be vertically aligned in control tissue and at a more 45(/135( angle to the cartilageebone interface in indented
tissues.increases being considerably smaller in magnitude than
those of the patellar tissue.
This site speciﬁc histological disparity between patellar
and femoral groove cartilages has also been observed 67
months post-ACL-T in the cat19 and in human cartilage ob-
tained from autopsy1,29,30 and surgery2,3. It is intriguing that
two juxtaposed cartilage surfaces experiencing the same
load magnitudes within the patellofemoral joint should dem-
onstrate such contrasting adaptations to ACL-T. Although
similar in magnitude, the time duration of the loads on the
two surfaces can be quite different; areas of the patella
being consistently loaded and the femoral groove intermit-
tently loaded as the patella slides up and down the femoral
groove. This intermittent vs consistent loading of cartilage
was also proposed by Adams14 to explain contrasting adap-
tations of the tibial plateau and femoral condyles as well as
the patellofemoral joint surfaces to ACL-T between 3 days
and 63 weeks post-surgery in the dog14.
It is also evident that feline patellar and femoral groove
cartilages differ in a number of histological parameters
which might suggest that these tissues have a different me-
chanical and/or metabolic capacity to respond to ACL-T.
From a mechanical perspective, healthy feline femoral
groove cartilage is thinner and has a smaller chondrocyte
volumetric fraction than patellar tissue making it harder
and less strained under a given load18. In studies investigat-
ing the contrasting incidence of OA in human ankle com-
pared to knee cartilages, the higher compressive stiffness
as well as the smaller thickness of ankle cartilage compared
to the knee has been proposed to protect ankle cartilagefrom continuous microtrauma31. Properties of the matrix, in-
cluding a higher proteoglycan content and lower water con-
tent are thought to contribute to the higher compressive
stiffness of the ankle31.
From a metabolic perspective, our histological measure-
ments show that femoral groove chondrocytes are smaller
in size and more oblate than the cells of the patella, and
so might be less metabolically active and/or sensitive to
changes in their environment compared to the larger,
more rounded patellar chondrocytes. Smaller and more
oblate superﬁcial layer chondrocytes isolated from bovine
cartilages have been shown to synthesize less proteogly-
cans32 with a larger proportion being of the smaller non-ag-
gregating type compared to larger deep layer cells33.
Signiﬁcant differences in matrix metalloprotease-3, basic ﬁ-
broblast growth factor, aggrecan and biglycan messenger
RNA (mRNA) levels have been reported in the patellar com-
pared to the femoral groove cartilage of the rabbit34. In the
same study, cyclically loading the rabbit patellofemoral joint
for 1 h using quadriceps stimulation showed a distinct and
statistically signiﬁcant increase in mRNA levels of tissue in-
hibitor of metalloprotease-1 (TIMP-1) compared to un-
loaded controls and unloaded contralateral knee articular
cartilage34. Furthermore, the TIMP-1 response was signiﬁ-
cantly greater in the articular cartilage of the femoral groove
compared to that of the patella. Additionally, when both hu-
man knee and ankle cartilages are compressed to injury,
only knee cartilage demonstrates a response to interleu-
kin-1 treatment31. It has been suggested that the synergistic
effect of cytokines and cartilage injury found in knee but not
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Fig. 5. Graphs of chondrocyte shape as a function of normalised cartilage depth (0Z surface, 1Z cartilageebone interface) for not-indented
and indented (a) patellar and (b) femoral groove cartilages from contralateral (contra) and experimental (exp) hindlimbs. Previously published
chondrocyte shape data from a similar experiment using normal adult cats have been added to the graph for reference18. Cartilage depth is
further divided into the superﬁcial, middle and deep layers. Each point on the graph represents a mean value (nZ 6) of chondrocyte shape
across a 5% or 10% bin (Fig. 3) of cartilage depth (nO 10 cells per bin). Error bars represent one standard deviation from the mean. Rep-
resentative ellipses with their centroids positioned at the corresponding values of chondrocyte shape are shown on the right hand side.ankle cartilage may be a further factor inﬂuencing the differ-
ential progression of OA of the knee and ankle cartilages af-
ter injury31.
It is clear from the present study, and the literature, that
articular cartilage is heterogeneous. Differences exist be-
tween cartilage taken from different joints35,36, different sur-
faces of the same joint13,14,18,19,37,38 and different areas of
the same surface of a given joint34 from both a mechanical
and a biological perspective. Furthermore, articular carti-
lage is heterogeneous throughout its depth in terms of the
structure and biological capacity of both matrix39e42 and
chondrocytes32,33,43e45. This heterogeneity provides a great
challenge for many aspects of both experimental and theo-
retical investigations into cartilage structure and function. In
experimental work for example, cartilage and/or its matrix/
chondrocyte components must be harvested from the
same joint, the same area of the joint and/or the same tis-
sue layer to ensure a homogeneous population. Further-
more, tissue engineers will need to consider where the
ﬁnal cartilage implant will be situated within a given joint
or joint surface when trying to reproduce the functional
properties of the natural tissue.Of further note in the present study was that no signiﬁcant
differences were identiﬁed in the patellar cartilage and
chondrocyte response to static compression between con-
tralateral and experimental limbs. In contradiction to our
original hypothesis, changes to patellar cartilage thickness,
chondrocyte shape, volumetric fraction and orientation with
compression are similar for contralateral and experimental
tissues. It would seem therefore that the early changes in
patellar cartilage thickness, chondrocyte size, clustering
and volumetric fraction at 16 weeks post-ACL-T observed
in this study are not substantial enough to inﬂuence the re-
sponse to static load. In a similar vein, chondrocyte shape
as a function of normalised cartilage depth is very similar
for compressed patellar cartilage under a 9 MPa load in
healthy, 16 weeks post- and 67 months post-ACL-T tis-
sue18,19. It would seem, therefore, that the adaptations
of the patellar matrix to ACL-transection up to 67 months
post-surgery do not signiﬁcantly inﬂuence the steady
state compressed chondrocyte shapes throughout tissue
depth.
Also of interest in the present study is the reorientation
of chondrocytes in both experimental and contralateral
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Fig. 6. Graphs of chondrocyte volumetric fraction as a function of cartilage layer for not-indented and indented (a) patellar and (b) femoral
groove cartilages from contralateral (contra) and experimental (exp) hindlimbs. Previously published chondrocyte volumetric fraction data
from a similar experiment using normal adult cats have been added to the graph for reference18. Each bar represents a mean value
(nZ 6) of chondrocyte volumetric fraction for a given layer. Error bars represent one standard deviation from the mean.patellar cartilages to an angle of 45( relative to the carti-
lage/bone interface in indented compared to not-indented
samples. This observation was also made in healthy fe-
line patellar cartilage18 and is particularly noticeable to-
wards the outside edges of the indentation. As the
chondrocytes are very soft inclusions46 in a strong matrix
structure their deformation and reorientation can indicate
the displacement and reorientation of matrix components.
Interestingly, Glaser and Putz39 describe a ‘bulging’ or re-
orientation away from the vertical of deep layer collagen
ﬁbres at the edges of indentations made in healthy intact
explants of bovine femoral heads. This effect is likely re-
lated to stress concentrations related to the abrupt
changes in cartilage loading occurring at the edges of
contact with the metal indentor. The non-conforming and
impermeable properties of a discrete indentor are very dif-
ferent from the compliant, permeable, cartilage on carti-
lage contact that would naturally occur in a joint. In
particular, one might expect the changes in cartilage load-
ing occurring at the edges of contact to be considerably
more gradual in a natural joint with conforming joint sur-
faces and ‘soft’ cartilage properties. Nevertheless, this
phenomenon occurring in the artiﬁcial indentationexperimental design demonstrates the capacity of articu-
lar cartilage matrix components to alter their structural or-
ganization to support and redistribute compressive loads
possibly incorporating areas of tissue that are not directly
underneath the applied load39.
The majority of the data presented in this paper are
unique and therefore difﬁcult to compare directly with pub-
lished literature. Cartilage thickness measurements have
been published for experimental and contralateral feline
patellar and femoral groove articular cartilages 16 weeks
post-ACL-T16. The experimental patellae and contralateral
femoral groove values (470G 26 mm and 181G 16 mm, re-
spectively) agree very well with those in the present study
(Table I), however, values of the contralateral patellae
and experimental femoral grooves (233G 30 mm and
318G 21 mm, respectively) are smaller and larger, respec-
tively, than our results byw110 mm. This discrepancy might
be explained by some differences in methodology; the use
of the needle probe technique to measure cartilage thick-
ness, arthroscopic ACL-T surgery and/or the freeze/thaw
cycle experienced by the cartilage in the study by Herzog
et al.16. In general however, the major results from this
study agree well with the wider literature.
128 A. L. Clark et al.: ACL-T patellofemoral joint cartilageThe methods used in this study were similar to those
used in previously published work using healthy feline artic-
ular cartilage18. The change in chondrocyte shape and vol-
umetric fraction evaluated in healthy feline cartilage agreed
well with results from healthy canine47 and bovine carti-
lages22 measured using confocal microscopy and chemical
ﬁxation techniques, respectively. This agreement gave us
conﬁdence in our ability to accurately evaluate chondrocyte
shape and volumetric fraction in articular cartilage under in
situ indentation and ﬁxation conditions using our methodol-
ogy. Changes made to that protocol for use in the present
study included increasing the cartilage ﬁxation time from 2
to 3 h for experimental patellar cartilage and taking control
and indented sections from the same osteochondral block
rather than from different hindlimbs. Both of these altera-
tions are likely to have had a negative effect, if any, on
the major results presented here; the longer ﬁxation times
possibly shrinking the articular cartilage48 and/or the control
sections being close enough to the indentation site to be af-
fected by the applied load.
Partial recovery of the applied deformation after ﬁxation
and removal of the load may have also inﬂuenced our re-
sults. As before however, this inﬂuence would have less-
ened the magnitude of our observations, with cartilage
and chondrocytes in indented samples having opportunity
to recover from their fully compressed state. With all speci-
mens we observed smooth and repeatable unloading por-
tions of the stress-relaxation curves, preservation of the
cylindrical shape of the indentation after removal of the
load and full thickness ﬁxation of cartilage sections. These
observations together give us some conﬁdence that there
was little or no recovery of the samples after removal of
the load, however, the possibility of some ‘bounce back’ oc-
curring cannot be completely ruled out.
There is some evidence in the literature of the presence of
superﬁcial clusters oriented parallel to the articulating sur-
face in some cartilage tissues49,50. These clusters appear
to be most common in ankle (as opposed to knee)49 and ju-
venile (as opposed to adult)50 cartilages and at the periphery
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Fig. 7. Graph of chondrocyte cross-sectional area as a function of
normalised cartilage depth (0Z surface, 1Z cartilageebone inter-
face) for not-indented patellar (pat) and femoral groove (fem) carti-
lages from experimental (exp) and contralateral (contra) hindlimbs.
Each point represents a mean value (nZ 6) of chondrocyte area
across a 5% or 10% bin (Fig. 3) of cartilage depth (nO 10 cells
per bin). Error bars represent one standard deviation from the
mean.(rather than the centre)50 of joints. While it seems unlikely
from the present evidence in the literature, it is possible
that horizontal superﬁcial clusters may have been present
in our samples and would not have been included in our clus-
ter analyses due to the vertical orientation of our sections.
In conclusion, we have presented unique, systematic
quantiﬁcation of the histological adaptations of the feline pa-
tellofemoral cartilages to ACL-T 16 weeks post-surgery.
These changes are heterogeneous both within the patello-
femoral joint and throughout cartilage depth. It will be inter-
esting in the future to investigate these tissues from
a biological perspective, looking to see if a biological chon-
drocyte and/or matrix heterogeneity parallels the histologi-
cal heterogeneity reported here.
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